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Abstract

In theoretical studies of the electronic structure of organometallic
complexes, the choice of basis set is critical, much more so than for
analogous studies of molecules containing only H, C, N, and 0. This
problem is discussed in light of structural predictions for the transition

metal hydrides MH, MHZ” and Mﬂé, for the fluorides MFZ and MF39 for

Ni(CO)49 Ni(CZHQ)B’ (CO)BNiCHZ9 and Ni(CSHs)Z .



Introduction

Over the past three decades the study of organometallic
molecules has moved from the periphery to the very heart of con-
temporary chemistry (l). |1Ibreover, there is a growing awareness
that the organometallic area 1s related to fields of research in
the past considered rather applied, but now recognized as pertinent
to society's energy needs. For example, we presented a thesis (2)
four yvears ago that the transition metal-organic fragment chemical
bond is the key to understanding the "fuzzy interface between surface
chemistry, heterogenous catalysis, and organometallic chemistfy,"
And in fact recent experiments (3,4,5,6) are beginning to confirm
the notion that species such as CH, CH,, CH3ﬁH? and CH, =C: play im-
portant roles on metal surfaces and in clusters. Since these sorts
of model organometallic species (e.g. FeBCHZ) are often unstable and
very difficult to prepare in the laboratory, the need for theoretical
studies is apparent.

In the course of our efforts (and those of others) to examine
theoretically the sort of organometallic species described above, it
became apparent that certain technical problems occur for transition
metals which are not present for molecules composed exclusively of
H, C, N, and 0 atoms. The present review dis primarily concerned with
the problem of basis set incompleteness at the single configuration
Hartree-Fock level of theory. Since the ultimate reliability of
electronic structure predictions depends on the choice of basis
set (7), such a topic is quite appropriate to the present volume.

Two decades ago, in the early days of ab initio molecular

electronic structure theory, the Laboratory for MWlecular Structure



and Spectra (LMS) at the Unversity of Chicago was perhaps the most important
center of this new area of research (8). The ab initio studies at IMSS were
primarily directed by ¢, ¢. J. Roothaan, and in tﬁis author's opinion, Roothaan's strong
leadership provided an orderly structure which has been of immense and continuing
benefit. Specifically, Roothaan and_his colleagues (especially Cade) insisted
that the Hartree-Fock limit be approached as closely as possible for the diatomic
molecules under discussion (9). Mny questioned the judgment of this philosophy,
since lower total energies (and hence 'better" wavefunctions in the variational
sense) are obtained by appending configuration interaction (CI) to considerably
more modest basls sets than those used by Roothaan and co workers. What became
crystal clear from the early research at LS was exactly how good the Hartree~Fock
method was in predicting many of the properties of diatomic molecules containing
atoms lighter than argon (10). Bond distances were found to be quite satisfactotily
reproduced by these near Hartree- Fock studies, being typically a fev hundredths
of an angstrom shorter than experiment. However, it was also discovered that
diatomic dissociation energies are almost inevitably. severely underestimated
by extended basis set self- ronsistent-field (SCF) studies. The great virtue of
these LMSS studies was that comparison with experiment provided an immediate
gauge of the importance of electron correlation. Once the quantitative role
of correlation effects on molecular predictions had been established, subsequent
researchers were able to go about the critical task
of developing methods (11) for the description of electron correlation. In
addition the stage was iset for analogous systematic studies of polyatomic
molecules, as exemplified by the Carnegie- ¥llon research group of J. A. Pople
in the early 1970's (12).

For a variety of reasons, systematic studies (in the Roothaan-Pople sense)
of transition metal species have never been carried out. Perhaps quite obviously,

the most interesting classes of molecules, e.g. Fe(Csﬁg)z and Ni(CO)é, are even



today too large to allow the very close approach to the Hartree-Fock limit that

was possible (9) for NZ and N2+ in 1966. However systematic studies with smaller
basls sets would have been feasible. Secondly, the research groups at the forefront
of the theoretical study of transition metal species have been much more interested
in chemistry than in ab initio methodology. Nevertheless, as computational
technology makes theoretical studies of organometallic species more routine, it

is expected that such systematic studies will begin to appear. At the present

time, for example, W.J. Hehre ( University of California, Irvine) is engaged in

such an investigation.

Over the past eight years, we have maintained a modest but continuing
interest in transition metal species. In light of the above introductory remarks,
it will not surprise the reader that cur research has emphasized the use of rela-
tively large basis sets and typically not attempted to go beyond the Hartree-Fock
limit. Our philosophical bent with respect to transition metal systems becomes
all the more apparent when it is noted that much of our research on molecules
composed exclusively of H, C, N, and 0 atoms has involved state-of-the methods
for obtaining highly corelated wave functions (13). Here, then, we review
briefly what might be described as near Hartree- Fock studies of molecules comr

taining transition metal atoms.

Choice of Basis Sets

For a primitive gaussian basis set of a given size to be most effective
with respect to the total energy, the orbital expoments o must be variationally
optimum. Although this optimization could take place at the molecular level, the
expense is typically prohibitive and atomic optimizations are carried out. For
transition metal atoms, fairly widely used gaussian basis sets of this type have

been reported by Wachters (14), and by Roos, Veillard, and Vinot (15). Although



we have occasionally used the smaller Roos basis sets in the study of systems
such as Mn— CH, (16), all the research discussed herein employed the larger
Wachters basis sets.

The original Wachters basis sets for the first row transition metal atoms
may be labeled M (l4s 9p 5d) and vield atomic SCF energies within 0.1 hartree of
the appropriate Hartree-Fock limits. However, being optimized for the 4823dn
electron configurations, these basis sets do not describe the 4p orbital
(unoccupied in the atom). Therefore it is appropriate to append one or more p basis
functions with smaller orbital exponents (i.e. greater spatial extent) for
molecular studies. In the studies reviewed here, ome (17,18), two (19,21,22),
or even three (20) sets (pxgpy,pz) of p functions have been added to the Wachters
basis to describe the 4p metal orbital.

As early as 1971 Roos, Veillard, and Vinot (15) noted that atom optimized
transition metal 3d orbitals are quite contracted and recommended that an additional’
more diffuse gaussian 3d function be appended to their (4d) sets. Several years
later Swope (24) and Hay (25) independently recognized that the szdn configuration
is artificially favored over the sdn+1 configuration with the Roos (15) and
Wachters (14) basis sets. However, adding a single more diffuse primitive gaussian
d function brings the predicted szdn mgsdn+1 separations into satisfactory agreement with
the numerical Hartree-Fock atomic results. Therefore, in our recent research, the Wachters
(5d) sets have been extended to (6d) using the basis Ffunctions recommended by Hay (25).
In himdsight 1t now aeems apparent that while the 3d ewbital of a transition metal atom is
rather contracted, this 3d orbital takes on a much greater spatial éxtenfi when several
carbonyl groups approach to form a typical organometa}%iq,molecule such as Ni(CO)é.

To be effective in molecular studies a basis set such as that described above must
be flexibly contracted (26). Adopting the standard segmented -procedure, Wachters
(l4s 9p 5d) set may be contracted to (10s 6p 2d) with very little loss in energy
relative to the completely uncontracted set. We recommend that this basis be

augmented with one additional p function (essentially to describe the metal 4p orbital)



and one additional d function to describe the expansion of the 3d shell associated
with molecule formation. Such a basis set is roughly of "triple zeta" quality and
may be designated M (l4s 10p 6d4/10s 7p 3d).
. . 2.n n+l
Before leaving this section, a final problem concerning the s°d — sd
energy separation in transition metal atoms should be mentioned. That is, even
after reaching the Hartree-Fock limit, this energy difference is predicted quite
incorrectly., For example, in nickel the Hartree-Fock separation between the

szdg 3F and sd9 3

D states is 1.28 ev, while the experimental value is -0.03 ev (25).
Inasmuch as gas-phase experimental studies of species such as EhCHZ+ are now begino-
ning to appear (27), it can be quite important to predict the correct electronic
ground state for the transition metal atom (16,24). Perhaps the simplest satisfactory
solution to this problem has recently been given by Dunning, Botch, and Harrison (28).
They noted that for the sdn+1 configuration, the counstraint that all (n+l) d electroms
occupy the same spatial orbital is a serious one. A more realistic description,
obtained via a two-configuration (at least for the case of titanium) SCF procedure,
allows a substantial measure of sdndl character to be introduced into the wave-
function. The same sort of correction is muph less important for szdn states and

its used appears to provide a still relatively simple but realistic approach to

the theoretical prediction of the szdn w-sdn+1

energy difference.

An equivalent description of the dn+2 electron configuration logically
requires even more incorporation of diffuse 3d character (28). These atomic ob~
servatiéns are helpful in the sense that the dn+2 electron configuration is com
ventionally thought to characterize most organometallic species (1 ). The spatially
extended nature of the dn+2 atomic state thus serves to re-emphasize (15,16,24,25)

, . , 2 s
the necessity for diffuse (relative to those required in atomic s d™ basis sets)

d functions in organotransition metal basis sets.



Transition ¥tal Halides

The first transition metal system studied (17) in our laboratory was
ZnFZ9 for the purpose of obtaining a Walsh diagram for bending. The hope was
that this single diagram might serve as a guide to understanding the bond angles of
the other tramsition metal difluorides, several of which have been observed experi-
mentally. Zan is known from electric deflection studes (29) to be linear and the
theoretical predictions confirmed this result.

The valence molecular orbitals of Zan fall in two distinct groups. The
orbitals of atomic d parentage lie in a narrow range of orbital energies, namely
=0.872 to -0.858 hartrees. These & like orbital energies all increase as the
molecule is bent from the linear conformation (© = 1800) to ®~1OOOs indicating
that as far as these five MO0's are concerned, linear equilibrium geometries are
favored. The six highest occupieé chs of Zan are presented in a Walsh diagram
in Figure 1. These are the remaining occupied valence orbitals, constructed from
Zn 4s, 4p and F 2s, 2p AO's,

Figure 1 suggests that the only hope for bent electronic states of the
transtion metal difluorides lies with the lOainorbital, which prefers {(in the
Walsh sense) a bond angle of n 140°. It is also clear that the best hope for a
bent equilibrium geometry will occur for the early transition metals, for which
d-1like M energies will lie much higherlrelative to the six orbitals in Figure 1.
Since occupation of the d orbitals is a contributor to linearity, a molecule
such as TiF2 will have a much better chance of being bent than Zan, And, in fact,
recent spectroscopic studies by Devore and Weltner (30) suggest that T:i’,F2 does have
a bent structure.

The trifluorides ScF3, TiFB, CrFS9 and FeFB have all been observed spectro-
scopically and this combined with our prior interest in the difluorides led to an
examination of the FeFB molecule (;§)5 Again, the motivation was to construct

a single Walsh diagram from which to survey the entire series of first-row transition



metal fluorides. The high spin 6

Ai state was predicted to be the ground state
and has a planar equilibrium geometry.

At the time the FeF, research was carried out (1972) it was quite a surprise

to find that the half-occupied le", 6a',and 5e' orbitals had orbital emergies
well below the fully occupied 7ai , 6e’, 7e' , 2e", 3a) and laj orbitals. That is,
the simple notion that partially occupied orbitals lie closer to the Fermi surface
than fully occupied orbitals was completely reversed among the valence orbitals
of FeFBS Eight years later we have seen many more examples (16,19,21,24,31) this
behavior and recognize it as .a consequence of the shell structure of the transition
metal atom. For molecules such as ME and E@% the d-1like molecular orbitals are
split relatively little by the ligand field, and accordingly their orbital energies
lie in a very narrow band. Thus the fact that the d-like half-occupied M 0's
lie below the fully occupied walence orbitals is no more surprising than the obser-
vation that in the manganese atom it vequires 14.2 ev to remove an electron from
the half-occupied 3d orbital, while removal of an electron from the fully occupied
4s orbital requires only 7.4 ev.

A Walsh-like sketch of the 3d-1like orbital energies of FeF3 is given in
Figure 2. There it is seen that pyramidalization increases the one-electron
energies, although the changes are very small between the planar (1200) and
tetrahedral (1099470) geometries, Since the other valence orbital energies also
increase with pyramidalization, it is not unreasonsble to suggest that the entire
series of FF3 molecules may be planar or nearly plamar. This suggestion has been
pursued in the very fine research of Yates and Pitzer (32). Yates and Pitzer used
the same large Wachters basis set as Hand (18) except that two (rather than one)
sets of p functions were added to describe the metal 4p orbital.

The theoretical predictions of Yates and Pitzer for the series ScF3 to NiF3

are given in Table I. Consistent with the qualitative prediction of Hand, Hunt,

and Schaefer (18) » they found all the MW

3 molecules except CrFS to have



planar geometries. The sole exception was found to be nearly planar, exhibiting
an p~Cr=-F equilibrium angle of 117°. Perhaps the most impressive aspect of the
Yates- Pitzer opus (32) was their ab initio prediction of the out-of-plane
vibrational frequencies, also seen in Table I. The reliability of their
near-Hartree-Fock predictions is confirmed by comparison between their theoretical
frequency of 1,29g6c:m'==l for ScF3 and the experimental value 119 + lOcmml of

Hauge, Hastie, and Mrgrave (33).

Transitio I*Egl Hydrides
N

Our initial interest in this class of molecules was instigated by the
fact that diatomic MiH has the highest spin electronic ground state of any known
molecule (34). The X7Z}+ﬁ» A7Tf transition of MH has been known for some time (35),
and both electronic states wers . studied theoretically by Bagus and the present
author (31). The SCF level of theory was used in conjunction with large Slater
function basis sets, e.g. Mn(8s 7p 4d 2f), essentially guaranteeing near-Hartree- Fock
molecular results. Analogous to FeF39 the 3d-1like molecular orbitals are half
occupied and lie within a narrow emergetic range below the doubly occupied 60 bonding
orbital. In other words, the manganese atom 3d5 configuration survives essentially
unchanged in both electronic states of MH, and this is expected to be true of most
of the other molecules from ScH to CuH. The predicted ground state spectroscopic
constants are in encouraging agreement with experiment: for example T, = 1,7892
(expt. 1.7228), D, = 1.57ev (2.4 * 0.3 ev), and w = 1549 cm © (expt. 1548cm 1),
Thus it appears that the Hartree-Fock approximation is quite meaningful for this
family of diatomic transition metal hydrides.

A more recent theoretical study (21) of the dihydrides M, was motivated
by Weltner's spectroscopic determination that the 6Al ground state of MHZ is bent,

with a bond angle of ~ 120° (36,37). this result did not appear consistent with our

predictions for the difluorides Mi’z (};.l), but then again it could be argued that
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hydrogen and fluorine are so very different as ligands that any analogy between
M‘Fz and M Hz is suspect. However, a more specific qualitative ¥ argument

may be ventured for M‘Hze If the BdM - 1SH interaétion is weak fof the elements
of the series (Sc - Cu) then a linear geometry is expected for every HMH molecule.
This is based on a bonding scheme, in Figure 3, involving the interaction of

the 1s orbitals of the H atoms with the two *4g-4p hybrid orbitals available

from the transition metal.

Quantitative SCF studies using a large-basis set do in fact predict a linear
geometyry for Hi‘HZ with re(anH) = 1,7548, Configuration interaction (6082 con-
figurations) confirms that correlation effects do not affect the prediction of
linearity, with the linear geometry lying 3.0 kcal below the structure with
GHMH) = 150°, As suspected, there is little interaction between the M 3d
and H 1s orbitals, and as with PF3 (18) and MH (31) the half-occupied 3d-like M's
lie energetically below the two doubly-occupied bonding orbitals 63;1 and 3‘929

Our general prediction for M& s MX?; , M‘Hz9 and NHB is that these series

of molecules are move likely to be bent ( MX MHz) or pyramidal (M }{3 5 ‘H:HB} as

2‘9

one traverses to the left of the periodic table amongst the first row transition
metals, This was specifically tested by examining Tin at the same levels of

theory applied to WMnH (21). Due to the manifold of unoccupied 3d orbitals

2
for Ti, there are no fewer than ten plausible low lying triplet electronic states.
Among these the ... 731'8’31 BAi state was well-described by a single configuration
and in addition one of the best candidates (from an analysis of the MnHZ . Walsh
diagram) for a nonlinear equilibrium geometry.

The BAl state of Tin was found to be linear from both SCF and CI studies.
Hovever the energy difference between linear and bent structures is now so small

that the notion of awell-defined equilibrium geometry becomes questionable.

Specifically the energy difference between O(HTiH) = 140° and 0 = 180° is only
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0.8 kcal. This result and those for MnH, and Nin (38) are seen in Figure 4,
which nicely illustrates the general trend discussed in the previous paragraph.
The analogous trend toward increased "floppiness" in going from NiF, to ScF3 is

seen in the out-of-plane vibrational frequencies given in Table I.

There are only three series of transition metal molecules for which

near—Hartree-Fock studies have been systematically reported., The first is the
diatomic hydrides, for which we have the Oxford studies of Richards and his
co-workers (39). Second is the B?FB series, for which the work of Yates and
Pitzer (32) has been discussed here. Thirdly is the research of Hood, Pitzer,

and the author (19) on the tetrahedral MH& series. Their study of TiH49 VH, ,
CrH49 3an49 FeHé, CoH49 and NiH4 used very large basis sets, designated

M(1l4s 1lp 6d/10s 8p 3d), H(5s 1p/3s 1p). 1In the course of deciding upon this
basis, a considerable amount of experimentation was conducted on the known molecule
Ti‘H4 and some of this is summarized in Table II.

The near Hartree-Fock predictions for MH, molecules are collected in Table 111,
in particular M-H bond distances, dissocilation energies and electronic exitation
energies dTea It is interesting that the conventional correlation short bond + strong
bond is consistently contradicted in Table III. 1In fact the shortest MH4 bond
for a ground electronic state occurs for PhHA (l5577g)v§hich has the smallest
predicted dissociation enevrgy, =36 kcal for Dﬁﬁé + Mn + 4H. Experience tells us (7),
of course, that the effects of electron correlation will increase these Hartree-Fock
dissociation energies by perhaps as much as 1-€v (23 kecal) per electron pair bond.

But the ordering of dissociation enevrgies provided by the Hartree-Fock method
should be meaningful.

A dissociation energy of ~218 kcal is required for the absolute thermo-

dynamic stability of VH, relative to M+ ZHZe Of the seven Bﬁﬁa molecules

4

studied here, only TiHé comes close to having a predicted dissociation energy

this large. It should be emphasized; of course, that absolute thermodynamic
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stability is by no means a prerequisite for the preparation and characterization
of a molecular species.

In this light, we suspect that Vﬁé and CrH4 could be prepared in the labora
tory, in the near future, under appropriate conditions. The remaining four molecules
Bhﬂé, FeH49 ?oﬁég and NiHQ will probably remain hypothetical for the indefinite
future, unless some alternate geometry (e.g., square planar) should prove ener-
getically more favorable. Their hypothetical nature notwithstanding, molecules
such as CoH, should still be considered as reasonable zeroth order molecules for
the more complicated stable transition metal alkyls (40) such as Co(lancrbornyl)ée

One intuitively expects (41) the Hartree-Fock approximation to be a better
one for high spin systems than for the comparable closed-shell molecular states.

To explicitly test the magnitude of this differential correlation effect, it was
decided to examine the vertical STZ - lAl energy separation for Feﬂé in more
detail. CI including all single and double excitations reduces the Hartree-Fock
energy separation of 23 kcal by 18 kcal. Higher order correlation effects (42)
will reduce this quintet-singlet separation by a few more kcal, so it is likely
and 1A states of FeH4 are nearly degenerate. Analogous arguments

2 1

may be applied to correct the other Hartree-Fock excitation energies given in

that the ST

Table III.

Genuine Organometallic Species

Having accumulated a fair amount of experience on the above-discussed
transition metal halides and hydrides, it‘was deemed judicious to proceed to
near Hartree Fock studies of systems of more widespread interest, namely simple
organometallic systems.

A. Nickel Tetracarbonvyl

This and subsequent research (22) on (CO),NiCH, were carried out in

collaboration with several staff members of the National Resource for Computation
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in Chemistry (NRCC). Ni(CO)4 is of course one of the classic organometallic
molecules and unlike the vast majority, its gas-phase geometrical structure

is known from experiment. The early (1935!) electron diffraction study of Brockway
and Cross (43) determined a tetrahedral structure with r(Ni-C) = 1.820 29

r(C=0) = 1.150 2. 1Last year Hedberg, Iijima, and Hedberg (44) reported a

refined electron diffraction structure, with r(Ni-C) = 16838ﬁg9 r{C-0) = 1.141 2.
Therefore Ni(CO)4 provides a good opportunity to test the reliasbility of

near- Hartree- Fock geometrical predictions for organotransition metal species.

In the work of Spangler, Wendoloski, Dupuis, and Chen (22) a large basis
set, designated Ni(15s 1lp 6d/11ls 8p 3d), C,0(9s 5p/é4s 2p), was employed. SCF
optimization of the geometry of Ni(CO)é yielded re(Nimc) = 1.884 &, re(C-0) = 1.139 .
The latter CO distance is in essentially perfect agreement with experiment (44),
1.141 &. Hovever, the Ni-C distance is 0.046 2 longer than experiment. This is
perhaps surprising, since the typical effect of electron correlation (in molecules
composed exclusively of H, C, N, and O atoms) is to further lengthen prédicted
Hartree-Fock bond distances. If the true Hartree- Fock Ni~C bond distance is
Ni(CO)4 is significantly less than the value 1.884 2 seen here, it is probably due
to the absence in our basis of d functions on the C and 0 atoms. A less likely
contributor is the absence of polarization functions (in this case f functions)
on the nickel atom. In any case, good qualitative agreement with experiment has
been obtained from what is perhaps the first complete organometallic geometry

optimization using a large basils set.

B. Tris (ﬂgaEthylene) Nickel (0)

One of the most remarkable organometallic species synthesized in recent
years is the tris (ngzethene)nickel(O) molecule (45). This was the first transition-
metal complex prepared in solution with ethylenes alone as its ligands. Im 1973
Fischer, Jonas, and Wilke prepared Ni(Czﬁé)Slin a diethyl ether solution, which was

found to be pale yvellow in color. Upon crystallization from solution at 195 K
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they obtained colorless needle- shaped crystals. Fischer, Jonas, and Wilke assumed
the molecule to have the "planar" Dy, structure seen in Figure 5 and reported
nuclear magnetic resonance and infrared spectroscopic data consistent with this
assumption.
Our attention was first drawn to tris(ethylene)nickel(0) by the excellent
theoretical study of Rdsch and Hoffmann.(46). They elucidated the qualitative
features of the electronic structures of Ni(czﬂé)n for n = 2, 3, and 4, and supported
their findings with extended Huckel calculations. RBs%h and Hoffman were able to predict
the conformational preferences of bieth Ni(CZHé)Z and Ni(Csz)Ss In the latter case,
they found the planar structure to be favored by 17 kcal over the upright geometry
of Figure 5,
As in the other studies reviewed here, our research (20) on Ni(C2H4)2
and Ni(CZH4)3 used an extended basis set derived from that of Wachters (14).
In this way the SCF energy separation between the upright and planar conformations is
23.7 keal, in qualitative agreement with the extended Huckel result (46). Equally
encouraging is the fact that Rosch and Hoffmann predicted the twisted form of Ni(czﬂé)z
to lie 1.5 kcal below the planar structure, while the large basis ab initio results
place the two forms within 0.1 kcal. Thus there \ls reasonable evidence upon which
to base a hope that extended Hickelewill provide meaningful qualitative predictions
for these sorts of conformational energy changes. The planar-upright energy separation
in Ni(Czﬁé)3 was also determined using a smaller basis (15) of size Ni(10s 7p 5d4/7s 6p 3d).
The predicted separation of 25.1 kcal is only 1.4 kcal greater than the more reliable
theoretical result, suggesting that this barrier is not too sensitive to basis set sizee“
Perhaps the most intriguing prediction made for tris(n%sethylene)nickel(o) is
that its positive ion has the opposite equilibrium conformation from the neutral.
That is, the upright conformer of Ni(CZHé)g lies 2.4 kcal below the planar structure.
Although initially a surprise, thils energetic reversal upon ionization is readily

explained using the Walsh diagram in Figure 6. The highest occupied molecular orbital
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(HOMD) in Figure 6 strongly prefers the planar conformation, and this is indeed favored
when the 9e’' orbital is fully occupied. However the two other orbitals seen in
Figure 6 have a preference for the upright conformation, and the removal of one
electron from the HOM) (i.e. iomization) is just enough to slightly favor the total
energy of the upright conformation.

Before concluding it should be noted that the shape of the Walsh diagram in
Figure 6 may be readily understood in terms of Ni 3d to olefin m* donation (il)a
For the planar arrangement the three ethylene T* orbitals transform as g’

1

but for the upright conformation these T* orbitals become e'’ +.aie Thus the

9e' orbital is the beneficiary of back bonding in the planar conformation. How

1]
+ e,

ever, there are no C2H4 m* orbitals of e' symmetry in the upright case, so the"

9e’' orbital is pushed up energetically in going from the planar to the upright
conformation. Conversely, the 4e" orbital is favored energetically in the upright
conformation, since only for the upright geometry do the 7% orbitals transform as
e'’. The same general line of reasoning suggests that the middle orbital in Figure 6
should have an essentially constant orbital energy. This is because the 7% CZHA
orbitals may be used to construct a single gi symmetry orbital for either the planar
or upright conformations.

C. Mthylene (Tficarbonyl) Nickel (0).

A critical ingredient 1n the flowering of organometallic chemistry over the
past decade has been the synthesis and characterization of transition metal carbene
complexes. (48). This research began with the report in 1964 by Fischer and
Maasbol (49) of methoxymethyl carbene (pentacarbonyl) tungsten. Although the notion
of a dowble bond between transition metals and carbon was initially unorthodox, it is
now very well entrenched and indeed an integral part of the thought patterns of organo-
metallic researchers. 1In fact, metal carbene concepts borrowed from organometallic
chemists are now being used in attempts to understand surface chemistry and hetero-

geneous catalysis (50,5&).
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From a theoretical perspective;, the simplest realistic transition metal
carbene might involve only CO ligands and the primitive CHZ or methylene itself.
Furthermore, such prototype carbene complexes should fulfill the 18-electron rule (52).
In this light, it becomes apparent that the simplest model transition metal carbenes of
this type are

methylene (pentacarbonyl)chromium(0)

(CO)4Cr = CH, (L)
methylene (tetracarbonyl)iron(0)

(co) ,Fe = CH, (2)
and methylene (tricarbonyl)nickel(0)

(CO)BNi = CHZ (3

None of these three molecules has been prepared to date in the laboratory,
primarily because of the problems involved in incorporating the unsubstituted methylene
as a ligand. 1In fact, the only organometallic complexes thus far reported with a mono-
nuclear M=CH2 bond are Schrock's CpZTaCH3§HZ molecule Qgg) and_Schartz’'s
CpZZr(Pthlie)CHZ (54). HEwevers we would not be surprised to see sueccessful syntheses

of (CQ)SCrCH . (CO)AFeCHZ, and (CO)3N1CH during the next decade.

2
The same large basis set used above for ﬁi(CO)4 was used in SCF studies (22)

of the prototype nickel carbene. Our only reservation concerning this basis was the

absence of a set of d functions on the icarbene carbon atom. For the isolated CH,

biradical, d functions are very important in obtaining a reliable value of the

singlet- triplet energy gap . However, preliminary work (22) on the naked

NiCH, molecule (55) showed that d functions together with the use of a larger

carbon sp basis (10s 6p/5s 3p) increase the Ni~-C bond distance by only 0.004 2

and the HCH angle by only 0.4°, A complete SCF geometrical optimization of

(CO)BNiCHZ was not practical, so several reasonable assumptions (illustrated in

Figure 7) were made.
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The methylene angle is (CO)BNiCH was predicted to be 108.2° and the

2
Ni-C bond distance 1.831 8. This small bond angle is certainly more reminiscent of
singlet methylene (6= 102.5%°) than the triplet state [P(HCH)~ 133°] of the isolated
CHZQ The Ni C distance in the carbene is only 0.053 8 shorter than the 1.884 &
predicted with the same theoretical model for Ni(CO)ée This suggests that the formal
double bond in (CO)SNi?CHZ is relatively weak, in agreement with the findings of Rappe’
and Gddard (55) for the naked NiCH2 molecule. The only experimentally known nickel
carbene distance is the value r(Ni=C) = 1.909 £ found (56) for the ion

' [MeZNCSNiC(NB{eZ)SC(NIGez)S]f A final energetic prediction is that the sixfold
barrier to rotation about the Ni-C (methylene) axis is small, ~ 0.2 kcal, in agreement
with qualitative ideas about barriers of this general type (57).

Table IV shows a comparison of the Mlliken atomic populatioﬁs of (CO)BNiCH2
and Ni(CO)és It should be emphasized that while any given Milliken atomic population
is of questionable absolute value, the use of the same basis set and the same SCF
procedure for the two molecules should make comparisons significant. (44).

The larger positive charge on Ni in the carbene complex as opposed to Ni(CO)é
is seen to be due to the negative charge (0.58) build-up on the electrophilic methylene
carbon., This increased methylene carbon population resides to a high degree in the
methylene p orbitals. The latter hold 3.00 Milliken electrons, compared with only
2.22 for the carbon p orbitals of each C atom in Ni(CO)ée In this Mulliken picture
the carbonyl carbons are consistently slightly positive (~ +0.1) in both
(CO)BEiCH2 and Ni(CG)49 and their populations differ relatively little between the two
molecules.’ There is, however, a slight shift from carbon s to p populations in the
carbene complex relative to Ni(CO)éo

The dominant difference between the Ni atom charge distributions in (CO)3NiCH2
and Ni(CO)4 is seen to lie with the 3d populations. The carbene complex has a

population of 8.72 d electrons, while Ni(CO)é has 9.03. The difference, 0.31 e ,

is remarkasbly close to the difference of 0.29 cbtained by subtracting the total

(N
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,+0.53 +0.24

Ni charges Ni (carbene) - Ni (tetracarbonyl). The Ni s population for
the carbene (6.14) is slightly less than that (6.17) for Ni(CO)4 while the opposite
small difference is seen for the Ni p populatioms.

It is worth noting that while both (CO)SN’iCH2 and Ni(CO)4 are commonly
referred to as le complexes, it is the Ni 4s and 4p which play an important role in the
metal-ligand bonds. After the 12 electroms occupying the Ni 2p and 3p orbitals are
discounted, there are still 0.61 and 0.57 e occupying p functions for the two
molecules. This ~0.6 electron can be attributed to nickel 4p participation, which is
seen to be quite important. Certainly for the two molecules under discussion, 4p

participation is much more important than 4s.

D. Bis (Cyclobutadiene)Nickél

Certainly one of the important achievements in synthetic organometallic chemistry
in 1978 was the first cyclobutadiene sandwich compound. Hoberg, Krause- Going and
Mmott (58) used spectroscopic data and chemical data to identify the Ni(CéPh4)z
molecule, which crystallizes as well-formed blue crystals. Since the ocbserved octaphenyl
compound is of low chemical reactivity, it is not inconceivable that the parent l\?i(CéHé)2
might be synthesized in time.

Since our theoretical studies (23) of Ni (C434)2 are still in progress, a
detailed report is not possible here. However, some mention is in ovrder in light
of the recent paper on ferrocene by Almlof and colleagues (59). Luthi, Ammeter,
Almlcf, and Korsell optimized the metal-ring distgnce in Fe(CSHS)z and found it to be
1.89 gs much larger than the experimental distance (60), 1.65 2. This poor agreement
between SCF theory and experiment is surprising, so some discussion is in order.
Almlof used a Roos-type (15) basis of size Fe(12s 7p 4d/8s 5d 3d), C(7s 3p/é4s 2p),
H(4s/2s). Such a basis will yield much higher absolute energies than those used here,
but should othexrwise be quite acceptable, with the exception of one possible deficiency.

That is, the sbsence of a set of d functions more spatially extended than those required

to describe the szdé configuration of the iron atom.
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4)2 employed a Ni(l4s 9p 6d/10s 6p 3d),
C(10s 6p/6s 3p), H(5s/3s) basis set. Although no structural information is yet available

The present theoretical study of Ni(CAH

for cyclobutadiene sandsiches, the metal-ring distance in nickelocene Ni(CSHS)Z is
known from electron diffraction (60) to be 1.83 R. our preliminary studies suggest

for Ni(CQHQ) a metal-ring distance of ~

2 1.73 gs'which,would certainly not appear
to display the problem reported by Almlcf for ferroceme. In the near future we hope
to complete the theoretical structure of Ni(CéHé)9 by simultaneously optimizing the

ring C-Cdistance and the tilt angle of the hydrogens with respect to the [I plane.

Concluding Remarks

It should be evident that theoretical predictions approaching the
Hartree- Fock limit are beginning to appear for genuine organometallic molecules, such
. . . . R .
as Nl(CO)A, NL(CZHA)B’ (CO)3N’1CH2s and Nl(Céﬁé)ze We are confident that the 1980's
will see many more such studies, and the latter will begin to have a significant impact

upon organometallic chemistry.
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Large basis SCF predictions of Yates and Pitzer (32) for

the equilibrium geometries and out-of-plane vibrational frequencies

of the transition metal trifluvorides.

M M-F (8) Vibrational frequency (cmml) Geometry Ground state
1,
Se 1.88 129.6 D3h Al
Py 7 1 2 9
Ti 1.83 140.6 D3h (al) Al
w2 3.,
v 1.81 152.0 D3h (e') AZ
’ 214
Cr 1.77 113.2 C3V e aj Az
Mn 1.77 (e”)z(ai)l(.e‘)l g
9 2 9 l ] 2 6 [
Fe 1.78 179.3 DSh (e') (al) (e”) Al
w20 192, 132 5,54
Co 1.75 190.5 Doy, (e™) (31) (e") Aq
Ni 1,73 221.2 D (e")é’(ai)lce')Z éAé

3h




Table II.

Titanium basis

lés

l4s

13s

13s

1l4s

l4s

l4s

9p 5d/10s 6p 2d

10p 5d4/10s 7p 2d

10p 5d/9s 7p 2d

10p 5d/9s 7p 2d

10p 5d/10s 7p 2d

11p 5d/10s 8p 2d

1lp 64/10s 8p 3d

4 with bond distance r(Ti-H) = 3.2 ay-

Hydrogen basis Remarks
5s/3s Original Wachters basis set
5s/3s Add p function (o = 0.156)
to #1.
5s/3s Delete s basis function in

#2 with smallest exponent

4s/2s Use smaller hydrogen s set
than in #3

5s 1p/3s 1p Add and optimize {(a = 0.5) p
functions on hydrogen

5s 1p/3s 1p Add second p basis function
(o = 0.0611) to describe Ti 4p

5s 1p/3s 1p Add diffuse d function (o =
0.072) to #6

Comparison of different contracted Gaussian basis sets in SCF calculations on

tetrahedral TiH

Energy (hartree)

~-850.57136

-850,.58824

-850.58812

-850.57926

-850.60089

-850.60096

-850.60127

£e
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Table III. Bond distances and energetic Information for tetrahedral

transition metal hydride molecules.

Self-consistent field

Relative energy dissociation energy
Electronic state re(M=-H)9 ) *(keal/mol) (kcal/mol)
1
TiH, A, 1.696 0 132
v, °E () 1.637 0 86
2
T, (t,) 1.668 +36
crH, 3, (e?) 1.588 0 65
1E(e?) 1.583 47
31, (£9) 1.659 90
1a1(e?) 1.577 92
4 2 -
MaH, 4Ty (tge?) 1.577 0 36
2 (e3) 1.537 19
Fel, S5Ty(the?) 1.580 0 0
1a1 (e®) 1.494 23
5E(t3e) 1.649 48
38y (the?) 1.562 88
Cott, a1 (tfe?) 1.607 0 27
4pq(tJe?) 1.676 36
279 (t9e®) 1.489 67
4Ty (te?) 1.593 89
NiH, JTo(te?) 1,751 0 18
5E(tfed) 1.622 11
311 (t3e™) 1.500 51
1, (t5e®) 1,487 115

3a, (t4e?) 1.657 122
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Table IV. Selected mulliken populations for the prototype nickel

carbene complex and nickel tetracarbonyl,

(CO)SNiCH2 Ni(CO)é
Nickel
s 6.04 6.06
P 12,61 12.58
d 8.82 9.13
total 27.47 27.77
Methylene C
8 3.58
Py 0.47
Py 1.05
P, 1.48
total 6.58
Hydrogen
s 0.85
Carbonyl C
s 3.60, 3.65, 3.65 3.67
D 2,28, 2.27, 2.27 2.23
total 5.89, 5.92, 5.92 5.90
Oxygen
8 3.80, 3.80, 3.80 3.79
p 4,38, 4.38, 4.38 4.37

total 8.17, 8.17, 8.17 8.15
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Figure Captions

Walsh-1like diagram constructed from the six highest
orbital energies of ZnFZ as a function of bond angle.
Diagram of FeF3 orbital energies for those orbitals
corresponding to the d orbitals of Fe3+ in a crystal
field picture.

Bond angle sensitive molecular orbitals for MHZS The
left hand side of the figure refers to a bond angle

of ~130° and the right hand side to 180° (linear).
Total energies of Nins MnHz, and Tin as a function
of HMH bond angle. This figure illustrates the in-
creasing flatness of the MHZ potential energy surfaces
as one moves to the left in the periodic table across the
first-row transition metals M.

Geometries of the “planar” and "upright” conformations
of tris (nzwethylene) nickel (0).

Extended Hlckel one-electron energies (46) for the
three highest occupied molecular orbitals of Ni(Czﬂé)
as a function of rotation between the planar and up-
right conformers.

Structural assumptions for the prototype nickel carbene
complex. The three CO ligands are assumed to be tetra-

hedrally coordinated about the nickel atom.
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